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At the molecular level many thermally activated reactions can be viewed as Poisson trains of events
whose instantaneous rates are defined by the reaction activation barrier height and an effective
collision frequency. When the barrier height depends on an external parameter, variation in this
parameter induces variation in the event rate. Extending our previous work, we offer a detailed
theoretical analysis of signal transduction properties of these reactions considering the external
parameter as an input signal and the train of resulting events as an output signal. The addition of
noise to the system input facilitates signal transduction in two ways. First, for a linear relationship
between the barrier height and the external parameter the output signal power grows exponentially
with the mean square fluctuation of the noise. Second, for noise of a sufficiently high bandwidth, its
addition increases output signal quality measured as the signal-to-nois€ S&iR). The output

SNR reaches a maximum at optimal noise intensity defined by the reaction sensitivity to the external
parameter, reaction initial rate, and the noise bandwidth. We apply this theory to ion channels of
excitable biological membranes. Based on classical results of Hodgkin and Huxley we show that
open/closed transitions of voltage-gated ion channels can be treated as thermally activated reactions
whose activation barriers change linearly with applied transmembrane voltage. As an experimental
example we discuss our recent results obtained with polypeptide alamethicin incorporated into
planar lipid bilayers. ©1998 American Institute of Physids§1054-150(08)01303-2

“Stochastic Resonance” (SR), a phenomenon of noise- tional parameters employed in the electrophysiology of
facilitated signal transduction,! has been previously re- ion channels of excitable membranes to those used in the

ported for a variety of macroscopicsystems, however, itis general rate theory>®
now found experimentally and explained theoretically at
the microscopic level—the level of thermally activated
molecular reactions. We analyze a time-dependent ! INTRODUCTION
(“doubly stochastic”?) Poisson process where the event
generation rate is an exponential function of an external
parameter. Recently we have showhthat this process
exhibits SR representing nondynamical threshold-free
systems that are able to transfer small signals with a fi-
nite, signal-amplitude-independent transduction coeffi-
cient. Thus, we have found that SR is an inherent prop-
erty of a wide variety of systems described by general
reaction rate models that range from voltage-gated ion
channels of biological membranes to p-n semiconductor
structures. Here we present a detailed analysis of the in-
fluence of a filtered “white” Gaussian noise on the signal
transduction in these systems, examining the output sig-
nal amplitude and signal-to-noise ratio (SNR) as func-
tions of input noise parameters. Also, using the classical
results of Hodgkin and Huxley* we show that ion chan-
nel conformational dynamics can be formally regarded as
thermally activated reactions. Finally, we relate tradi-

way dictated by the system properties.

Previous theoretical and experimental studies of the role
of external(ambien} noise in electrical signal transduction
in biology have been mostly addressing rather complex ob-
jects starting from neurorfs!! neuronal ensemblés;!3iso-
lated sciatic nerves of a toa#!® rat SA1l cutaneous
mechanoreceptor§, mechanosensory transduction pathways
in arthropods,”*® and up to complicated systems of human
sensory perceptiol’~??For all these objects the addition of
noise to the system input increased output signal detectabil-
ity whenever noise characteristics were chosen in a proper

It is widely recognized that voltage-gated ion channels
are critical elements of signal transduction at several levels
of biological complexity. In addition to the classical illustra-
tions such as nerve action potential gener&fiamd synaptic
transmissiorf? current research reveals examples of the ion
channel crucial role in small electrical signal detection. In a
careful study of electroreceptive organs Blasmobranch
fish calledampulaeof Lorenzini it was shown that the amp-

dElectronic mail: bezrukov@helix.nih.gov ullary epithelium acts as a linear amplifier of small electric
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FIG. 1. Schematic illustration of a mechanism for generation of the time- ] ] ] ] 1 1 L ]
dependent Poisson process. Particles randomly distributed in space and e 0 10 20 30 40 50 60
ergy attempt to overcome a barrier with the time-dependent height. An )
“event” is generated every time a particle crosses the bartier. A decreasec Time, s

IG. 2. Example of a time-dependent Poisson train of identical short pulses
lower trace in the presence of a periodic modulation. A sléd05 H2
sine-wave signal changes the barrier height with the dimensionless ampli-
tude of 0.5. In this simulation the initial undisturbed rate, that is, the rate
corresponding to/(t)=0, is chosen to be equal to one pulse per second.
fields2® “ In vitro” measurements performed on a single iso- Rate r_nodulation of the output is seen as the dilution of pu!se density du'ri.ng
lated organ demonstrated a reliable change in the spike firin ﬁf’egser;alf—waves and the concentration of pulse density during positive
rate of the afferent nerve for holding potential differences as
small as 3x107° V. Due to the organ’s relative simplicity,
this remarkable sensitivity was attributed to voltage-gated
ion channels of apical and basal membranes of the receptor Reaction rates of many processes are controlled by acti-
cell. vation barriers whose heights dependence on an external pa-

Studies with alamethicin ion channels incorporated intorameter, e.g., voltag¥(t), is close to linear. In this case Eg.
planar lipid membrané&?’ showed that the addition of volt- (1) can be written in the form
age noise to the membrane holding potential facilitates signal _
transduction in this system. Though significantly different V) =r(0)exppV(L), 2)
from voltage-gated channels of biological membranes byvherer(0) is the initial process rate an@ is the reaction
their structure and by the mechanism of their voltage depensensitivity to the external parameter.
dence, alamethicin channels are surprisingly close to sodium A mechanism for the Poisson process generated accord-
channels of nerve membrane by the main parameter charaityg to Eq. (2) can be illustrated as shown in Figure 1. A
terizing channel sensitivity to transmembrane electricstationary beam of particles emitted with an exponential dis-
field—the so-called “equivalent voltage sensitivity.” Thus, tribution of kinetic energies encounters a barrier whose
results obtained with the model peptide channel-formerheight depends on an external parameter. An output event,
alamethicin, suggest that the ambient noise utilization is pose.g., a short electrical current pulse, is generated every time a
sible already at the membrane level. In the present paper wearticle crosses the barrier. If barrier energy variation is a
show that the conformational transitions of voltage-gatedinear function of the external parameter and particles are
biological channels between their open and closed states capacially uncorrelated, the output process is a time-
be viewed as a thermally activated reaction. We discuss sigdependent Poisson train of pulses with the instant rate con-
nal transduction properties of such reactions in the presendeolled by the external parameter that we regard as a system
of additive input noise. input. It is clear that for small input signals, that is for small
variations in the external parameter, the relation between the
input signal and the output pulse rate is linear. Thus, the
system is a linear transducer of small signals with a finite,
signal-amplitude-independent coefficient.

The Van't Hoff-Arrhenius law, empirically relating es- Figure 2 shows a computer-simulated output Poisson
cape rata with the reaction activation enerdy,, procesglower trace whose rate is modulated by a sine-wave

input signal(upper tracg The output is a train of uniform

r=vexp—Ep/kT), @ raFr)ldomEIJy genzfated pulses with iFr)1formation about the input
where k and T have their regular meaning and is a  signal encoded in statistical properties of pulse arrival times.
temperature-independent coefficient, has been known fdPulse density correlates with the signal and is clearly higher
more than a century. It is a very universal relation that covergor its positive half-waves than it is for the negative ones.
a wide range of various phenomena in physics, chemistryThe output signal component can be recovered by many
and biology. The nature of this universality is well methods, the most common being optimal filterffig.
understood—different models of the reaction-rate theory The time-dependent Poisson process described above
give a particle escape rate that is an exponential or nearlgan be viewed as random sampling of the signal-modulated
exponential function of the activation barrier heidfdr re-  barrier height by the oncoming particlé&igure ). It is clear
views see Refs. 5)6 that the signal transduction quality can be improved by in-

with an exponential distribution in energy, the process is modulated in suc

barrier height will correspond to a higher event rate. If particles are emitte?5
a way that the instantaneous rate is proportional to €@g¥(t)).

Il. SIGNAL TRANSDUCTION IN THERMALLY
ACTIVATED REACTIONS
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1 T T T T T ] A. Signal and noise transfer—Adiabatic approximation

We limit ourselves to the adiabatic small-signal regime
. by assuming that the input voltage is a sum of a slow zero-
mean Gaussian noid4(t) and a slow small-amplitude sine-

wave signal,
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V(t)=Vy(t)+ Vs sin(2mfd), 3)
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é— I whereVg<1/|8|. The noise corner frequency,, defining
Q - 1 noise bandwidth, and the signal frequenty, are assumed

[ to be much smaller than all other characteristic frequencies
0.00 3 in the system including the inverse pulse duration. In this
0.75 3 case signal transduction properties can be described by the

low-frequency part of the process power spectrum in the vi-
cinity of fg. A particular pulse shape is not important as it
introduces a spectral “form-factor” that deviates from 1.0
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o
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0 20 80 40 50 60 verse pulse duration. At low frequencies the power spectral
Time, s density of time-independent Poisson process with raie
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FIG. 3. Increased statistics help signal detection. A filtered pulse output of white” and equal§

Figure 2 shows the sine-wave signal contaminated by noise stemming from Si(f) _ Zer (4)
the randomness of pulse arrival tim@siddle trace. Similarly a generated ’

pulse train with a 25-fold higher statisti¢bottom trace—initial rate of 25 - .
pulses per secofdeveals a higher quality signal. In nonlinear systems whereQ is an area under a smgle DUIse' If output DUIseS

represented by Eq2), statistics, and, therefore, output signal quality, can be fepresent electric current, the@ equals the total charge
increased by the addition of noise to the system input. transferred through the circuit during a single pulse.
If the process rate is changing according to Egs.and
(3), the low-frequency spectrum contains additional compo-
nents reflecting the rate time behavior. Applied voltage will

creasing statistics. The signal-to-noise r486IR) at the sys- modulate pulge dgnsny in time introducing correlations in
the pulse arrival times. The low-frequency power spectral

tem output has to increase with the initial rat€)), increas- density of such a doubly-stochastic Poisson proceas be
ing. Indeed, general considerations show that the OUtPYkritten as

signal amplitude is proportional t(0), while noise ampli-
tude grows only as a square root from the number of event§(f)=2Q*(r(V(t))) + 4(Q r(0))?
and, for that reason, is proportional & (0). This point is

illustrated by Figure 3, which compares two output signals XJ (exp(BV(1)) exp(BV(t+7))) cog2wfr) dr.
with the 25-fold differing statistics. A dramatic increase in 0
signal transduction quality is readily seen in the lower track 5

correspondmg to higher(0). ) The first term in the right-hand side of E¢p) stands for the
The relation between the Poisson process rate and thg,mponent expected from a time-independent Poisson pro-
input signal given by Eq(2) is superlinear. It means that & cesqEq. (4)] with a steady ratér (V(t))) increased in com-
random zero-mean voltage applied to the system input wilharison to the initial rate(0) by applied noise because of
increase the average process rate. If noise is added to a sigystem nonlinearitfEq. (2)]. For Gaussian noise of r.m.s.
nal, this noise-induced increase in statistics could increasemplitudec and small signalVs<o, this average is
signal transduction quality the way it is illustrated by Figure )
3. However, the complication is that the added noise will be (r(V())=r(0)exp((Bo)12). (6)
transduced to the system output by the same mechanism as The second term in the right-hand side of E§) de-
the signal. Besides, for the noise with dimensionless ampliscribes additional low-frequency spectral contributions from
tudes comparable to or larger than one, additional noise comnput signal and noise. Input noise not only increases the
ponents will be generated by frequency mixing due to theaverage process rateq. (6)], but, together with the signal, it
system nonlinearity. is also transduced to the system output by the mechanism
Noise-induced increase in statistics improving Outputillustrated in Figures 2 and 3. To calculate these contribu-
signal and contamination of the output by noise act in oppotions, we introduce a random vectE= BV (1), Y=BV(t) in
site directions and, at least partially, compensate each othgfder to be able to use Rice relatiéhéor two-dimensional
Clearly, interaction of noise with a thermally activated reac—,norrnal ,d'St”P““F’”S- As a result, for the correlator under the
tion modifies signal transfer, but can noise addition play aintegratlon sign in Eq(5) we have
constructive role? Here, following our recent wotk we (exp( BV(1))exp BV(t+ 7)) =exp((Ba)X(1+p(7))),
present a detailed analysis of this problem. (7)
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wherep(7) is the normalized autocorrelation function of the
system inputV(t), Eqg. (3). In the current treatment we re-
strict ourselves to the input noise with a Lorentzian power
spectrum,

Sh(F)=S\(0)/(L+(f/f)2) = (202 wf ) (1+ (fIf.)?),

)
whereSy(0) is the low-frequency power spectral density of
the input noise andl, is the corner frequency limiting noise
bandwidth and defined through the single-pole filter relax-

ation timerg asf.=1/277¢ . In this case the autocorrelation
function is

p(T)=exp(— 7/ 1)+ (VE20?)cod 27 g7), (9) s
and Eq.(5) becomes P

2
a(f)zzQZr(O)exp((Bg) )

[
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li’;’lll;”g/,”llll':f‘:\\“\‘\‘\\af‘
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2 oo n-—2 FIG. 4. Output signal quality, SNR, as a function of the input noise param-
+ 2(Qr(0)Bo) exg([i’o-)z)z (Bo) eters: dimensionless intensitgo, and corner frequencf, . It is seen that
1‘C T n'n at sufficiently high corner frequenciés comparison to the initial rate of
the process, see the tg@nd proper noise intensities a significant improve-
(Qr(0) BVS)Z ment in the output signal quality is achieved. For the range of variables used
+ 5 exp((ﬁ(r)z) S(f—fg). (10 here[1<wf /2r(0)<10° and 0<Bo<4] the maximum SNR improve-

ment reaches 61.4 times af /2r (0)=10° and Bo=3.0.

The two first terms in the right-hand side of this expres-
sion describe a frequency-independent noise background @énishes because of the sum that equals)zéne SNR is
the system output. The first one accounts for the noise exproportional to the process raté0). These features of signal
pected from a time-independent Poisson process with thgansduction are trivial; they could be expected from rather
pulse generation rate increased by a factor g@{2) in general considerations. What is not so obvious is the SNR
comparison to the initial rate(0). This increase can be dependence on the input noise parameters. The addition of
viewed as the input noise “rectification” by the system non- noise modifies the simple dependence of output SNR on the
linearity. The second term represents the input noise trangrocess rate so that the relation SNRO) is no longer true.
ferred to the system output. It describes not only small-  The three-dimension&B-D) plot in Figure 4 shows out-
amplitude transductiofthe caser— 0 would correspond to  put SNR as a function of input noise reduced intensiy,
the sum in the second term converging to)llut also the  and its bandwidthf.. For convenience, the SNR calculated
effects of frequency mixing for different spectral noise com-according to Eq(11) is presented her@nd in Figures 57
ponents. The last term shows the output signal. The additiogs a ratio to its value at=0. The initial rate is taken equal
of input noise increases signglowe) transduction coeffi- to «/2. It is seen that the input noise with the properly cho-

cient by a factor expfo)?). sen parameters can significantly increase output signal qual-

ity. There is an optimal combination of noise intensity and
B. Output SNR and its dependence on noise _bandvx_/ich; higher corner frequencies correspond to higher
parameters intensities.

. , , . This point is made clear by Figure 5 that shows output
The intensity of the output signal component obtainedgng jn a semi-logarithmic scale as a function of the input

experimentally depends on the frequency resolution of the .. intensity at different noise comer frequencles
measuring device. This intensity is given by the prefactor of,

e o 7f./2r (0) ratiogd. The data show that for the noise with a
the _delta-funcnon in the Ia§t term of ECLO) divided by the | jrantzian spectrunisingle-pole passive filteringan im-
device frequency resolutiol\f,. We calculate output

) _ . oA - e provement in signal transduction quality is achieved only if
signal-to-noise ratio, SNR, dividing this signal term by the ¢ /51 (0)>1. Otherwise, noise addition only deteriorates
sum of the first two:

the output signal.

(BVs)?r(0) (Bo)? For the input noise with a sharp spectral cut-off, the
2AF, exp( 2 ) corresponding condition differs by a#2/factor. Indeed, in
R= IS > (1)  this case the low-frequency spectral density of the input
2+2r(0) ex’{(:&’) )2 (Bo) noise isa?/f.. Considering only small noise amplitudes in
wfe 2 T nin order to discriminate between positive and negative noise

influence(see Figure bwe can substitute the second term in

It is seen that output SNR increases with the input signalhe right hand side of Eq10) with H202/f, whereH is the
amplitude and with an improvement of the measuring device ¢

spectral resolutiofsmallerAf,). Also, in the absence of any small-signal transduction coefficietdimensionality AN,
input noise =0, and the second term of the denominator ~ H?=(Qr(V,)3)? exp ((B0)?). (12)
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FIG. 7. Maximal output SNRvertical axis on the rightand corresponding
FIG. 5. Output SNR as a function of the input noise intensity at differentoptimal noise intensityvertical axis on the leftas functions of noise corner
wf./2r(0) ratios. The addition of noise to the system input can either in-frequency, f.. Significant SNR improvement requires high,/r(0)
crease or decrease the output signal quality, depending on the ratio of tHatios—the quality of signal transduction grows infinitely as the input noise
noise corner frequency,, to the initial process rate(0). Forsufficiently ~ becomes less and less correlatég-¢ ). Dotted lines represent empirical
high corner frequencies small intensity input noise always increases outpuglations useful for maximal SNR and optim@dr estimationgsee the tejt
SNR. Optimal noise intensity corresponding to the maximal output signal
improvement grows with thé/r(0) ratio.

The optimal input noise intensity and corresponding

maximal output SNR are plotted in Figure 7. For simplicity,
Analysis of the resulting expression for the SNR gives thethe initial rate is again taken equal t/2. Analysis of Eq.
following condition for the stochastic resonance onset(11) demonstrates that dt/r(0) ratios smaller than 10
f./r(0)>1. For the constructive role of noise in signal trans-the optimal noise intensity can be estimated as
duction its bandwidth should be high enough. Input noise
corner frequency should exceed the initial process rate. The EE n mfe (13)
higher their ratio, the greater is SNR improvement. opt

B 2r(0)’
Figure 6 shows output SNR as a function of input nOiSeryg coresponding approximate relation for the maximal out-

corner frequencyf.. It is seen that any amount of noise put SNR is

increases output SNR ff; is high enough. At a fixed noise

intensity, the SNR saturates with to a o -dependent value 3 [ afe

always exceeding 1.0. SNRnae= 2r(0)"

(14

For noise with a sharp spectral cut-off thé2 factor should
be omitted. Dotted lines alongo,,; and SNR,,, curves
represent (Irf)%“¢ and f %3¢ plots, correspondingly.

100

B9

pIt

C. Relationship between input and output SNR
10

To conclude our discussion of noise-facilitated signal
transduction in thermally activated reactions we consider the
input/output SNR issue. As we have shown above, a noise
addition to the system input increases output signal and, if
noise characteristics are properly adjust€igure 4, im-

-
o1k 4 discussed questiéfr*is the relationship between the input

SNR

proves output signal quality in terms of SNR. Input noise
most certainly plays a constructive role. A separate widely

IR R T RN R I and output SNR of a stochastic resonator.
10" 10° 10" 10* 10° 10° 10° Our model permits a straightforward calculation of the
f, output SNR vs the input SNR ratio. The input SNR for an

ideal input signal, that is for a pure sine-wave, is the ratio of
FIG. 6. Output SNR as a function of the noise corner frequefgy,at the spectral component of the input SigM@/ZAfA, to the

different input noise intensitiego. Input noise with sufficiently high cor- ~ . .
ner frequencies always increases the output signal quality, but the effect APW frequency spectrum of the added Input n0|§ﬂ(0),

noise addition saturates with increasing The higher is noise intensity, the that is g_iven by E_Q(S)- Then, the output SNR vs the input
more pronounced is signal improvementf gt . SNR ratio for an ideal signal,s, can be calculated as
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(Bo)?
Yis= — , (15)
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This ratio is shown as a 3-D plot in Figure 8 as a function of

4

43
KA

iy

Bo andf values. The initial rate(0) is taken equal to 1. It i

is seen that the output SNR never exceeds the input SNR and
approaches its value only for small noise amplitudes when
corner frequency is lowf,—0. A comparison of Figures 4
and 8 shows that the ranges of parameters that are optimal
for stochastic resonance observation and conservation of in-
put SNR do not overlap. Indeed, significant output SNR im-
provement is reached for large corner frequentiégure 4,
while conservation of the input SNR requires the opposite
condition (Figure 8.

It is easy to show that this contradiction is apparent and
is completely related to the choice of ideal signal that iSFIG. 9. The output SNR/ input SNR ratio for a reabisy) input signal as
devoid of any practical interest. In the case of a sine-wave function of the input noise parameters. It is seen that in the practically

initially contaminated by the narrow-band noise with theinteresting case of a signal with a finite noise background, the ratio ap-
y Y proaches unity in the same range of the input noise parameters where sig-

power spectral density at the signal frequeidy, the input  pificant improvement in the output SNR is obtairedmpare to Figure )4

SNR is The addition of noise with the properly chosen parameters to the system
2 input increases system performance virtually conserving SNR of the input
VS/ZAfA signal.
SNR (16)

nput™ 20 mf+Ng’

The output SNR vs the input SNR ratio for a noisy inputtensity is properly adjusted. Importantly, the range of opti-
signal, xns, can be written in the form mal parameters coincides now with that for stochastic reso-

2(Bor)? nance(Figure 4.
g
XNS= > c = o lll. VOLTAGE-GATED ION CHANNELS AS
2 exp( _(Bo)) BN L2y (Bo) THERMALLY ACTIVATED MOLECULAR REACTIONS
2 f ! . : .
r(0) e 1 n:n 17 In electrophysiology, nonlinear properties of voltage-
_ S o gated ion channels are usually characterized by the so-called
This function is illustrated in Figure 9 as a 3-D plot B&  “gating charge.”®® Gating charge describes the sensitivity of

and f. values. For simplicity, signal-contaminating noise conformational dynamics of the channel open/closed transi-
spectral density is chosen to obg§Ns=1, andr(0)=1. It  tions to trans-membrane electric fields. In the simplest two-
is seen that independently of signal amplitude, input signastate case, a channel fluctuates between its open and closed
quality is nearly conservegthat is, yys is close to ongif  conformations with probabilitie$, and P, correspond-
added noise corner frequencies are high enough and its ifngly. We assume that the conformational transition between
these two states moveselectron charges from one mem-
brane surface to the other. If sensitivity of channel confor-
mational dynamics to an electric field can be entirely attrib-
uted to the movement of these charges, conformational
balance is described by the following relation widely used in
the physiology of excitable celfs?®

Po ., _ 1
PotPc 9 1+exp(w—neW/kT)’

Here, w is conformation energy increase in the channel
closed-to-open transition. Equatid8) is the well-known
Boltzmann equation applied to conformational statistics. It
highlights the equilibrium nature of ion channel transitions
between different states.

FIG. 8. The output SNR/ input SNR ratio for an idgabise-fre¢ input If the probability to find the channel in the open state is

signal as a function of the input noise parameters: dimensionless intensitf,ma”’ that IsPo<1, Eq. (18) becomes
Bo, and corner frequenciy, . It is seen that in the whole range of variables —w ne
=eXp ~—==|exXp —=|.
© p( kT ) p( k

(18

used[ 1<f./2r(0)<10° and 0<Bo<4] the ratio stays well below 1.0.
The maximum value of 0.41 is achieved at a noise intensity equal to 1.4.

(19
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Another parameter widely used in the ion channel descrip-

tion is a mean life-time of the open statg;. For Po<1,

this parameter is related to total rate of a single channel é’
opening,rg(V), asrg(V)7o=Pg. Using this relation and

consideringN independent channels in parallel, for the gen-

eration rate of transmembrane current pulses we have

N
(V)= — exp( exp( ﬁ (20 é}
For sufficiently small open state probabilities, the correlation E

between moments of successive openings of the same chan- e
nel are negligible. Then, the resulting train of current pulses
will represent a time-dependent Poisson wave with the gen-

. X or:::m
eration rate obeying Ed2) where uc::::—.::&
N -wW .-;.—.,:
r(0)=— ex (21) _ _ . . -
70 kT FIG. 10. An illustration of a possible mechanism of alamethicin channel

voltage sensitivity. The electric field applied to the membrane interacts with
and polypeptide molecules via their dipole moment. Equilibrium between popu-
lations of alamethicin molecules adsorbed to the membrane surface and
traversing the membrane is voltage-dependent. Stronger fields increase the
__he number of trans-membrane oriented molecules. Trans-oriented molecules
B= ﬁ- : (22 aggregate into ion-conducting clusters that are seen as “bursts” in ion cur-
rent through the membrar(€igure 11.

Thus, conformational dynamics of voltage-gated ion chan-
nels of biological membranes can be viewed as thermally
activated reactions controlled by voltage-dependent activa-
tion barrier(Figure ) with parameters described by E48), @ embedded in a lipid bilayer—with time-resolved current

(22), and(22). “steps” of the channel transitions between different conduc-
Gating charge is usually determined in experiments withtive states.
depolarizing voltage stegslt is calculated from the depen- General physical mechanisms underlying voltage sensi-

dence of the number of simultaneously open channels on thivity of ion channels can also be studied with model
applied transmembrane potential. The so-called “limitingpolypeptides. One of the most widely used is alamethicin, a
equivalent sensitivities” are voltage differences correspond20-amino acid peptide of relatively rigid, rod-like
ing to ane-fold increase in the open channel population thatstructure®®=38 In lipid bilayers it forms ion channels whose
are measured in the steepest region of this dependence. Aoenformational equilibrium is voltage-dependent with the
cording to Eq.(19), limiting equivalent sensitivity of 3.9 mV equivalent voltage sensitivity that is close to that of sodium
for the sodium and 4.8 mV for the potassium channel recalehannels of excitable membrarésThere are several hy-
culates to about 6 and 4.5 electron charges linked to gAtingpotheses for the voltage sensitivity of alamethicin-induced
The mechanism of voltage gating is not fully under- conductancdsee a review). Most of them rely on the in-
stood. Because of this, the gating charge introduced througteractions between a transmembrane electric field and a 75
Egs.(18) and(19) is mostly a convenient empirical param- Debye dipole moment of the alamethicin molecule.
eter. The actual number of elementary charges responding to A possible mechanism is illustrated in Figure 10. The
the external field is probably much larger. Indeed, if the condinteraction of the electric field with the peptide dipole mo-
formational transition between open and closed states movesent increases the number of peptide molecules with a trans-
the charges only half-way through the membrane, their nummembrane orientation. The trans-oriented molecules then ag-
ber has to be doubled to account for the same sensitivitygregate into conducting clusters of different sizes. The
Nevertheless, usefulness of the gating charge concept goeguilibrium between populations of molecules bound to the
beyond empirical convenience; it introduces a simple physimembrane surface and molecules in the transmembrane ori-
cal picture for a complex biological phenomenon. entation is voltage-dependent; the equilibrium between
Conformational dynamics of voltage-gated ion channelanonomers and aggregates is not. The average number of
are studied by many different approaches; most informativesimultaneously open channels grows exponentially with volt-
ones designed to observe currents through a single channelge increasing-times every 4.+ 0.6 mV (for membranes
With patch-clamp techniquéba small patch of a cell mem- made of diphytanoyl phosphatidylcholftie over a signifi-
brane is isolated by using special micropipettes. In ion chaneant range of field strengths. The equivalent gating charge is
nel reconstitution techniquésjon channel forming proteins 5 to 7 electron charges. The absence of saturation, inter-
are first purified and then reinserted into artificial planar lipidpreted within a framework of the model shown in Figure 10,
membranes. Both approaches allow recording of ionic curmeans that surface-bound population dominates at all volt-
rent from a single ion channel—a single protein moleculeages. Formal interpretation through E@8) leads to a con-
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FIG. 11. Single alamethicin ion channels are seen as spontaneous bursts in E ‘ :

transmembrane current. A higher resolution recordiBy shows the fine e b e L e
structure of a single burst, explaining pulse height variability in a lower Y 5 10 15 20
resolution recordingA). Holding potential of+140 mV (positive from the
side of polypeptide additiorand a 2.5 m\(r.m.s) sine-wave signal of 0.5
Hz frequency are applied to the membrane bathgd M NaCl aqueous
solution. Output signal is filtered by a low-pass Bessel filter with 15@4)z
or 5,000 Hz(B) corner frequencies.

Input noise, mV (r.m.s.)

FIG. 12. The addition of noise to the transmembrane voltage increases
output signal powefdiamonds$ and, at optimal noise intensity, output SNR
(circles).?” Sine-wave signals of constant amplitu@emV r.m.s) and fre-
guencies(0.2 Hz, filled symbols 0.5 Hz, open symbojswere mixed with
different amounts of noise and added to a holding potentiat 880 mV.

The inset shows statistics of SNR measurements.

clusion that conformational energyis high, of the order of

10KT or more.

Alamethicin channels are seen as spontaneous “burststhannel. From the other hand, the output signal of a parallel
of the membrane ion current. Two representative currenarray of voltage-sensitive channels equals a product of signal
traces with the time resolution differing by a factor of 50 arevoltage by the sum(Vo)h7o+H, whereH is defined by Eq.
shown in Figure 11. Trace A demonstrates randomly arriving12). Taking into account tha@ in Eq. (12) stands for the
current pulses with varying amplitude. Higher resolution re-total average charge carried through the channel current
cording (B) explains this variability by displaying multiple pulse, that isQ=V,h7o, and considering the case of zero
substates within a single current burst that correspond thput noise,c=0, we arrive at Eq(23).
alamethicin clusters of different size. A channel is thermally ~ We have studied alamethicin channels from the point of
activated into its lowest conductive substate, undergoes seview of electrical signal transduction in the presence of ex-
eral random transitions between different adjacent substatetgrnal input noisé’ Output signal amplitude and output SNR
and, eventually, is deactivated. While the probability for awere measured as functions of input noise intensity. The re-
channel to open is highly voltage-dependent, its average stsults shown in Figure 12 demonstrate a pronounced noise-
chastic behavior in the open state is rather voltageinduced increase in the output sign@iamonds. Output
insensitive. SNR (circles) exhibits a small but statistically significant

A small sine-wave signal added to the membrane holdmaximum of around 10 m\{(r.m.s) noise. Two signal fre-
ing potential of 140 mV introduces periodicity in the channelquencies0.2 Hz,open symbolsand 0.5 Hzfilled symbols
generation rate. Hardly perceptible by eye, this periodicity igooth smaller than the voltage-sensitivity cut-off frequency of
easily detected by spectral analysis. The amplitude of th@ Hz, were used.
signal spectral component of the alamethicin current pulses Theoretical analysis of signal transduction in thermally
significantly exceeds the amplitude expected from a passivactivated reactions presented in the previous section allows
linear circuit of the same conductardeTheir ratio (in us to calculate optimal noise intensity and corresponding im-
power spectral density unjtsvas shown to obey the follow- provement in the output signal quality. Using E¢E3) and
ing relation: (14 With?g,é’ defined by Eg.(22) and the following

arameters—initial  channel eneration rate, r(0

a”=(1+neVo/kT)%, 23 Ii0.3 s L input noise corner frquuency.::Z Hz, chagn)el
whereV| is the holding potential supporting a particular av- gating chargene=5-7 electron charges—we obtain,
erage number of open ion channels. This relation can be-6—-8 mV and SNR,~3—-4 dB. These values are in sur-
derived from our theoretical analysis of signal transductionprisingly good agreement with the experimental results plot-
in thermally activated reactions. Indeed, the output signal ofed in Figure 12. Indeed, the theory formulation included
a passive linear circuit representing ion channels with theiseveral assumptions that hardly hold in our experiment. First,
voltage sensitivity switched off(=0) can be written as a identical pulses that do not show any spread in amplitudes or
product of signal voltage by the average channel-inducedurations were considered. Second, the theory was formu-
conductancer, (Vg)h7o, whereh is conductance of a single lated for small signal/s<kT and Vg<o. Third, possible
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